Figure 1. Localization of Endogenous Rab5 at Postsynaptic Terminals and Expression of Rab5-GFP in Hippocampal Slices
amount of receptor (GFP channel), the fraction exposed these data indicate that Rab5 removes AMPARs locally from the spine plasma membrane, where synapses are to the surface (Cy5 channel), and the presence of the coexpressed Rab5(wt) (RFP channel) (see Figure 3A as located. Note that these results do not imply that Rab5 internalizes AMPARs exclusively from spines; however, an example).
To assess local AMPAR endocytosis from synaptic they do show that there is a preferential removal from the spine surface, as compared to the adjacent dendritic sites, we quantified GFP and Cy5 fluorescence intensities across spine heads and adjacent dendritic shafts plasma membrane. Interestingly, Rab5(wt) did not decrease the total amount of receptor (GFP channel) in using line plots (Gerges et al., 2004a) . Surface ratios are then calculated for spine and dendrites by dividing Cy5 the spine as compared to the dendrite ( Figure 3D ). This result suggests that Rab5 does not transport AMPARs and GFP fluorescence peaks after background subtraction (see Figure 3B ). When GluR2-GFP was expressed from the spine into the dendritic shaft and supports the interpretation that Rab5 is involved in a local trafficking alone, the surface ratio at spines was significantly higher than that at the adjacent dendritic shaft ( Figure 3C, left) .
step from the plasma membrane of the postsynaptic terminal into an intracellular compartment inside the In contrast, coexpression of Rab5(wt) with GluR2-GFP strongly reduced surface ratio at spines, which became spine. lower than the surface ratio at dendrites ( Figure 3C , middle). This is also reflected in the fraction of spines Rab5 Mediates LTD To examine whether Rab5 activity is involved in the that had lower surface ratios than their adjacent dendrites: 30% in the absence of Rab5(wt) versus 70% in removal of synaptic AMPARs that accompanies longterm depression, we induced LTD according to a pairing its presence (cumulative probability values for spine/ dendrite ϭ 1; Figure 3C , right, dashed lines). Therefore, protocol (see Experimental Procedures) in neurons ex- pressing Rab5(dn) or Rab5(wt) and noninfected, control corded from acute hippocampal slices (see Experimental Procedures). This form of LTD is dependent on neurons. These experiments were carried out blind with respect to the protein being expressed. Noninfected NMDAR activation, since it is prevented by preincubation with the NMDAR antagonist AP5 ( Figure 5B ) (see neurons displayed a statistically significant LTD, relative to the unpaired pathway that did not receive LTD stimuli also Lee et al., 1998) . In order to monitor the levels of active (GTP bound) (p Ͻ 0.001; Figure 4 ). In contrast, neurons expressing Rab5(dn) failed to exhibit any long-lasting depression Rab5 during LTD induction, we designed a GST "pulldown" assay using the C terminus (last 74 amino acids) of AMPAR-mediated transmission (Figure 4 ). This result indicates that activation of Rab5 is necessary for LTD of the Rab5 effector protein, rabaptin-5, which specifically binds Rab5-GTP (Vitale et al., 1998) . To evaluate at CA1 synapses.
We have shown that Rab5 overexpression leads to the specificity of the GST fusion protein, we preloaded hippocampal extracts with a nonhydrolyzable GTP anadepression of synaptic AMPA responses (Figure 2A and Supplemental Figure S1 at http://www.neuron.org/ log or with GDP, followed by incubation with beads containing either GST alone or GST fused to the Rab5 cgi/content/full/45/1/81/DC1/). Therefore, we examined whether increasing Rab5 levels could occlude LTD. Inbinding domain (GST-R5BD) (see Experimental Procedures). As shown in Figure 5C (left panels), GST-R5BD deed, LTD-inducing stimuli on neurons overexpressing Rab5(wt) failed to elicit any long-term depression of specifically binds to Rab5-GTP, with only a weak binding to Rab5-GDP. Also, the low amount of Rab5 pulled down AMPAR responses (Figure 4 ). This result indicates that expression of Rab5(wt) mimics and occludes LTD and directly from hippocampal extracts (without nucleotide preloading) indicates that the levels of Rab5-GTP in suggests that Rab5 removes the same population of receptors that is affected by LTD. These results indicate basal conditions in the hippocampus are very low. As a control, GST alone did not bind detectable amounts that Rab5 activity is both necessary and sufficient to elicit long-term depression at hippocampal CA1 synof Rab5 ( Figure 5C , right panels Figures 5D and 5E , "ϩAP5"). Interestingly, Rab5-GTP Therefore, we tested whether LTD induction triggers the p38 MAPK cascade and leads to Rab5 activation. These levels rapidly declined by the end of the NMDA treatment and during washout and returned to basal levels at the experiments were carried out using a "chemical LTD" protocol to maximize the number of end of the time course ( Figure 5E ; t ϭ 5-20 min). In contrast, phosphorylation of p38 MAPK slowly increases synapses undergoing plasticity. As shown in Figure 5A , a brief application of 20 M NMDA produces a longduring LTD induction and is maintained for at least 15 min after NMDA treatment ( Figures 5D and 5E [inset] ). lasting depression of field excitatory responses re- ization, we assayed the phosphorylation levels of S880 evoked LTD, and Rab5 overexpression is sufficient to GluR2 in slices overexpressing Rab5(wt), as described drive AMPAR removal from synapses, occluding further above. No significant change in phosphorylation of LTD expression. Second, Rab5 is activated during LTD GluR2 S880 was observed upon Rab5 overexpression induction, downstream from NMDAR opening. Third, (Figures 7A and 7C) . These results suggest that phosRab5 is located at the right place to mediate AMPAR phorylation of GluR2 S880 during LTD occurs upstream synaptic removal, that is, at endocytic hotspots lateral of or independent from Rab5-mediated removal of from the PSD that have been shown to associate with AMPARs.
AMPAR The simplest scenario to explain these results implies activation leads to the up-regulation of Rab5-GTP and that Rab5 mediates LTD, we demonstrate that the endothat AMPARs are intrinsically loose components of the synaptic membrane and that they may diffuse constantly cytic machinery is not a passive mediator of AMPAR removal, but a regulated component in the signaling between synaptic and local extrasynaptic membranes, where clathrin-dependent endocytosis may take place cascades that underlie synaptic plasticity. AMPARs from synaptic scaffolding molecules and interhave been previously described, such as the GluR2-nalization. Once again, it seems that there are GluR2-specific endocytosis induced by insulin in hippocampal specific events that may operate independently from neurons (Lin et al., 2000; Man et al., 2000) , a process the regulatory cascade that we have described here and that depends on tyrosine phosphorylation of the GluR2 that would provide additional levels of control to the C terminus (Ahmadian et al., 2004) . Also, cerebellar LTD regulated removal of AMPARs during LTD. specifically requires PKC phosphorylation of GluR2 at
In conclusion, our results shed light into the complex Ser880 (Chung et al., 2003) . These observations suggest array of events regulating the activity-dependent rethat additional, subunit-specific mechanisms may exist moval of synaptic AMPARs during LTD and provide a to control the synaptic removal of AMPARs under differdirect link between the signaling cascades triggered by ent stimuli or in different brain regions. synaptic activity and the intracellular machinery that Our results also provide new mechanistic information executes AMPAR trafficking. about the distinct endocytic machinery that acts on the regulated and constitutive internalization of AMPARs.
Experimental Procedures
We have shown that blocking Rab5 function with a domi- ports linking GluR2 phosphorylation to dissociation of
